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Julian day
F~re  21. Freed thermocouples in well TEP 2 show different responses to electrical  heating during the ARV
pb Slight temperature  rises occur in sandy  or silty  zon% even while the extraction systems were remov-
rng heat from the system. The two lower thermocouples (Tc 1 and Z open symbols)  are located below the
standing water  table. The two thermocouples above the water table (Tc 3 and 4, closed  symbols)  show tem-
perature  rise throughout  electrical  heating. (After Sweeney et alw 1994).

Cleanup Results

Free-Product Removal

Free-product  gasdne has been removed  from
the treated area at the LLNL gasoline spill site,
thus accomplishing  the goal of Dynamic
Underground Stripping;  approximately  7600 gal-
lons of gasoline were removed  from above and
below the water table.  This conclusion deserves
careful scrutiny  because of the pmwious great clif-
ficuhy in accomplishing  this goal experienced by
other cleanup methods.

The bases for this conclusion are
1.6200  gallons of gasoline were estimated  to

be in the treatment zone,  and 7600 have been

removed.  After the August 1993 drill-back, soil
concentrations  indicated that 750 gallons
remained (if the distribution was symmetric).
Over 1000 gallons have since been removed.
Extraction rates fell to nearly zero (11 gallons per
month) in January 1994 and have remained low.

2. Groundwater  concentrations in the etiac-
tion wells and in the two available monitoring
wells inside the pattern  (GEW 710 and GSW 1A)
are lower than the appanmt  volubility of the most
recently extracted gasoline.  Although the volubil-
ity of gasoline can vary greatly depending  on its
composition,  by measuring the concentration  in
the water  in the oil-water  separator where raw

.

.
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gasoline is known to be in contact with ground-
water (Jovanovich  et al., 1994;  Sweeney  et al.,
1994), an accurate estimate under site conditions
can be obtained.  The equilibrium concentrations
currently are >35,000 ppb at 20”C;  groundwater
samples from the extraction and monitoring wells
are less than 10,000  ppb at elevated  temperatures
(>50”C). These are well below the initially
observ&l values for water in contact  witi”  free

.

. product when wells were drilled (40,000-70,000
ppb), and an order of magnitude below the
values observed in the monitoring wells after
electrical heating  mobilized gasoline (120,00&
180,0000  ppb).

3. Vapor and liquid concentrations did not
rise significantly after the December  1993-January
1994 shutdown period. pn?vious shutdowns  with
hot ground resulted in large increases  in concen-
tration when the treatment  system was turned on
again. Presumably,  this was due to the mobiliza-
tion and/or vaporization of free-product  gaso-
line. The ahence  of such a pulse after ARV indi-
cates that there was no free product remaining.

4. Groundwater concentrations of BTEX at
the central  extractors are at lower values than the
initial groundwater concentrations just outside
the injection  ring (e.g., GSW 2,3,  ‘13), and are at
comparable  concentrations to many of the distal
wells (see below).

The limitations to the conclusion that we
have removed all the free product zuw

1. Our ability to resolve the presence  of free-
product pockets by chemical  means  is limited by
the degree  of contact with flowing air or water.
This is difficult to quantify.

At the start of ARV, the mnaining gasoline
left a chemical signature of 20,000 ppb total petro-
leum hydrocarbons  (TPH)  in groundwater,  which
dropped  to 10,WO  ppb by the end of the ARV
phase (Sweeney et al., 1994). During ~, about
1000 gallons of gasoline were removed.  This
places an upper limit on the * product  remain-
ing in the treated  area today, based on ground-

V water analysis alone of 1000 gallons.
There are approximately 1 million gallons

of groundwater in the near vicinity of the extrac-
tion wells. Given the observed concentrations  of
TPH during the ARV phase, this places a lower
limit of 10-20 gallons (dissolved in groundwater).
This indicates that there are much less than 1000,
but possibly on the order of tens, of gallons of
gasoline  remaining  (99.9Y0  removal  would cor-
respond to about 10 gallons remtig). Any
pocket of free product near the extraction  wells

would have to be extremely  well isolated from the
permeable parts of ihe formation to have survived.

2. Free product  may remain  in the area out-
side and east of the treated  area (e.g., near GSW
216). The vapor concentrations in the easter-
nmost injection  well (GIW 815) are still fairly high
(Sweeney  et al., 1994). This maybe due to either
free product in the area or from the vapor being
pulled in from the area to the east. It is more like-
ly that this results from vapor being pulled in
from the east; if them were free products in the
area, we would have seen this in the GSW-OOIA
results. In addition,  there was a pocket of free
product under the receiving yard to the north of
the treatment  area before Dynamic Underground
Stripping was begun.  This was sampled during
the drilling of TEP 5 (Bishop et al., 1994).

Groundwater Cleanup

Cleanup of groundwater is the goal of any
remediation  effort, so the results of the LLNL
demonstration  must be measured  prinapally in
terms of the resulting contaminant concentrations
in the water beneath the site even though the
goals of the project  were strictly limited to free-
product removal. The regulated  contaminant ts 12
dichloroethane  (DCA), xylene,  and toluene are at
or near their allowed Maximum Contaminant
Limit (MCL) in the groundwater of the treated
area.  Benzene  has been reduced dramatically,
although  it is still well above the MCL (Table  2,
Figure 22).

Table  2 gives average  values for the major
reg&ted  contaminant ts in the central region of
the gas pad; this requires  the use of data from
several  wells, as noted. Dynamic  Underground
Stripping went far beyond free-product  removal;
it lowered  the benzene concentrations inside the
central  region to levels below those observed out-
side the treated area (the so-called bathtub ring of
untreated  but slightly contaminated water)
(Figure 23).

Concentrations  of 12 DCA have dropped  to
below detection  limits in the treated  area, and are
significantly reduced in the surrounding region.

Xylene concentrations  am diminkhed in the
treated area. The increase  in xylene concentration
in GSW 216 (east of the treated area) probably
reflects the local mobilization of gasoline compo-
nents through increased  volubility and decreased
sorption  due to heating (Figure 8).
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Concentrations in GSW 1 appear  higher in
the treated  area;  this value roughly  matches  the
levels seen in the extraction  weUs, and reflects  the
same  mobilization  mechanisms.  Ethylbenzene
and ethylene  dibromide  are below the MCL as
well.

Centaminant  concentrations  in the central
extraction wells appear to approach the outside
well values, indicating  that water in the treated

w area is equilibrating  with the untreated  water as
the extraction system draws water in.

The ability of Dynamic  Underground
. Stripphig  to remove contaminants  to such low

levels in groundwater ia probably indicative  of
the boil-off distillation mechanism described  by
Udell (1994a). Because volatile  components  are
generally removed from boiling water at a mass-
removal rate exceeding  that of the water,  boiling
of a small percentage of the po~ water can dra-
matically reduce aqueous  concentrations.

Udell examines the effect  as a function of
boiling  rate, volubility, and Henry’s law constants;
unfortunately  volubility and Henry’s  law con-
stants are not known at high temperatures  for
most groundwater  contaminant ts (see data for
xylene obtained as part of the ARV activities,
Sweeney et al., 1994).  This mechanism maybe
responsible for the almost instantaneous  removal
of Iz DCA from the gasoline spill site ground-
water by Dynamic Underground Stripping  and
the dramatic decrease seen in benzene  relative to
xykme.

Ongoing Bioremediation

Before Dynamic  Underground  Stripping
treatment of the gasoline spill area, a wide variety
of microorganisms were actively degrading  the
BTEX components of the gasoline.  These organ-
isms included the dominant genus  Pseudomonas
originally,  and after a campaign  of vacuum vent-
ing in 1990-92,  tie genus Flavobactor was domi-
nant. The largest populations existed in areas
where gasoline was present  at low concentra-

tions. In the capillary fringe zone  (up to 5 ft
above the water table) where gasoline concentra-
tions were highest, there were low numbers of
culturable organisms.  In the cenfmd area of the
spill, below the water  table,  oxygen concentra-
tions were very low, and microbial activity was
effectively  zero.

Extensive  characterization  of the microbial
population  was conducted before heating the
area,  with the expectation that the soila would be
sterilized and the population rebound of microor-
ganisms in the area could be studied. Post-test
&ill-back in August 1993 included collection of
extensive soil samples  that were cultured for
microorganisms both at room temperature  and at
50*C.

Although  the gram-negative bacteria  that had
been the dominan t BTEX degraders  were  gone,
extensive  microb$l  communities  were  flourishing
in all samples,  including those in which  the soil
was collected  at temperatures  greater  than  9(YC.
The dominant species were no longer bacteria,
but yeasts and related organisms (Rhodotorzda,
Streptomyces),  which  had been observed in ‘small
numbers  before heating.  Thermophiles previous-
ly identified from environments such as the hot
springs at Yellowstone National Park are impor-
tant membem of the new cornmuni~,  as well as a
number  of other organisms apparently represent-
ing previously  unidentified Species.

The rates at which this new biological  com-
munity  are degrading gasoline components has
not yet been quantified,  but it is clear that BTEX
degradera (e.g., Rhodotorda) have survived  and
can rapidly undertake  the final removal of conta-
minants  from the groundwater.  At this point, the
addition of trace nutrients to the system ia being
considered to enhance  this activity. It is hoped
that final reduction  of benzene levels to below the
MCL of LO ppb can be accomplished through  a
combination  of continued intermittent operation
of the groundwater  and vapor extraction systems
to provide oxygen, and proper encouragement of
the microbial ecosystem.
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Conclusions  from the Gasoline Spill  Site Demonstration

. Separa&phase  gasoline  has  been removed
from the treated  area.

. A stable steam zone can be established
below the water  table.

. Steam injection is effective for heating per-
meable  zones, and repeated  steam passes can
effectively heat small impermeable layers
between.

. Dynamic Underground Stripping can
reduce  groundwater contamination to very low
levels.

. Elechical heating is effective  for heating
clay zones, but higher power levels are required
when extraction of hot fluids is removing heat
from the formation.

. Establishing a complete steam zone in very
permeable materials requires large amounts  of
steam; the mom the better.

● Electrical resistance  tomography is
extremely  sensitive to heating  of soil and gives
rapid images of steam movement between wells.

● Tiitrneters accurately mapped the outer
extent  of the steam fronts both above and below
the water table, and the footprint of steam zones
emanating from individual injectors  in the lower
steam zone.

● Steam did not displace much liquid conta-
minant in a piston flow.

● Vapor recovery is the major  contaminant
removal  mechnism.

● Gasoline is locally mobilized in heated
areas and may show higher groundwater  concen-
trations  outside  the treatment  area even though it
is not being transported.

● Treatment  systems  must be robust to han-
dle the large peak extraction rates and the rapid
changes  in rate.

References

Adenekan, A. E., and T. W. Patzek, (1994), “Cleanup of the Gasoline Spill Area with Steam
Compositional Simulationsfl  Dynamic  Underground  Sti”p@ng  Pro@f:  LLNL Gasoline Spill
Demonstration  &port, Lawrence  Livermore  National Laboratory,  Livermore, CA, UCRL-ID-116964,
Section 5, p. 143.

Aines, R, W. Siegel, E. Sorenson, and M. Jovanovich (1994), “Gasoline Removal During Dynamic
Underground Stripping Mass Balance  Calculations  and Issues; Chemical Fractionation”  Dynamic
ZIndeqpnmd Stripping  Project: LLNL Gasoline Spill Demonstration Report, Lawrence  Livermore
National Laboratory,  Livermore, CA, UCRIAD116964, Section 3, p. 447.

Barber, T. E., W. G. Fisher, tid E. A. Wachter (1994a), “Characterization  of the Vapor Stream at the
Lawrence  Livermore  Dynamic Stripping Site by Diffenmtial  Ultraviolet Absorption Spectroscopy”
Dynamic Underground  Stripp”ng  Project:  LLNL Gasoline  Spill  Demonstration Report, Lawrence
Livermore  National  Laboratory,  Livermore,  CA, UCRLAD-116964,  Section 3, p. 397.

Barber, T. E., W. G. Fisher, and E. A. Wachter (1994b),  “On-Line  Monitoring  of Aromatic Hydrocarbons
Using a Near Ultraviolet Fiberoptic  Absorption Sensor,” Environmental Science and Technology (in
preparation).

Bishop,  D. J., et aL (1994),  “Dynamic  Underground  Shipping  Characterization Report,” Dynamic
Ukdeqpund Sti”pping  Project: LLNL Gasoline Sp”ll  Demonstration Report, Lawrence  Livermore
National Laboratory,  Livennom,  CA, UCRL-ID-116964,  Section 2, p. 3.

Boyd, S., R Newrnark,  and M. Wdt (1994), “Borehole  Induclion Logging for the Dynamic Underground
Stripping Project,  LLNL Gasoline Spill Site,” Dynamic  Underground  Sti”~”ng Project: LLNL Gasoline
Spill Demonstration Report, Lawrence  Livermore  National Laboratory,  Livermore,  CA, UCRL-lD-
116964,  Section 4, p. 165.

Buettner,  H. M., and W. D. Daily  (1994a),  “Cleaning  Contaminated  Soil Using  Electrical  Heating  and Air
Strippin&”  Journal of Environmental  Engz”m”ng (in pros).

Buettner,  H. M., and W. D. Daily (1994b),  “The Electrical  Soil Heating Preheat Phase of Dynamic
Underground Strippin&” Dynamic Undeqpund  Stripping  Project:  LLNL Gasoline Sp”ll Demonstration
Report,  Lawrence Livemom  National Laboratory,  Livermore,  CA, UCRL-ID-116964,  Section 3, p. 137.

34



●

☛

Carrigan, C. R, and J. J. Nitao (1994),  “Development  of a Predictive and Diagnostic  Modeling Capability
for Joule Heating,” Dynamic Underground  Stn”~”ng  Project: LLNL Gasoline Spz”ll Demonstration Report,
Lawrence  Livemore  National Laboratory, Livermore,  CA, UCRL-ID-116964,  Section 5, p. 197.

Chute,  F. S., F. E. Verrneulen, and L. G. Stevens  (1987), “A Study of the T*cal and Economic
Feasibility of an Electric Preheat Process for In Situ Recove~ from Athabasca Sands# AOSTRA
jolmud  qfl?esearch  3 (3).

Chute,  F. S., and F. E. Vieukn (1988), “Present and Potential Applications  of Electromagnetic  Heating
in the In Situ Recovery  of OiL” AOSTRA Journal ofl?esearch  4 (l).

Cook, G. E., J. A. Oberdorfer,  and S. P. Orloff (1991), Remediation  of a gasoline spell by vapor extraction,
Lawrence  Livermore  National Laboratory, Livermore,  CA, UCRL-JC-108O64.

Devaneyr  R (1994),  “Gasoline  Volume Estimation: Dynamic Underground  St?i~”ng Project: LLNL Gasoline
SpilZ Demonstration Report,  Lawrence  Livermore National Laboratory, Livennore,  CA, UCRLAD-
116964, Section 2, p. 223.

Dresen,  M. D., F. Hoffman, and S. Lovejoy (1986),  Subswface Distribution  of Hydrocarbons  in the Buiiding
403 Ana at LLNL, Lawn?nce Livermore  National Laboratory, Livermore,  CA, UCID-20787.

Goldman, R, and K. S. Udell (1994),  “Design  and Development of a Temperature  Measurement System
to Monitor Subsurface Thermal  Processes: Dynamic Underground  Stri~”ng Project:  LLNL Gasoline
Spill  Demonstration Report,  Lawrence  Livermore National Laboratory, Livennore,  CA, UCRL-ID-
116964,  %Xion 4, p. 23.

Hunter, R J., and R F. Reinke (1994), “Tiitmeter Mapping of Steam Zones During Steam Injection,
February-June  1993/  Dynamic Underground  Stripping  Project:  LLNL Gasoline Spill Demonstration
Report, Lawrence  Live-ore  National Laboratory, Livermore,  CA, UCRL-ID-116964,  Section 4,
p. 185.

Jovanovich, M. C., R. E. Martinelli,  M. E. Dibley  and K L. Carroll  (1994), “Process Monitoring of
Organics During Dynamic Underground  Strippin&”  Dynamic Underground  Stripping  Project: LLNL
Gasoline Spill Demonstration Rqort, Lawrence Livermore  National  Laboratory, Livermore, CA,
UCRL-ID-116964, Section  3, p. 187.

Kenneally  K M. (1994),  “Modeling Steam  Locations  During a Steam Injection Process for Subsurface
Gasoline Spill: ~mic U+und Stripping  Pnject: LLNL Gasoline Spill Demonstration Report,
Lawrence  Livermore  National Laboratory, Livermore,  CA, UCRL-ID-116964,  Section 5, p. 57.

Lee, K H. (1994),  “Pxdictive  Modeling Using the STARS Codev Dynamic  Underground  Stripping  Project:
LLNL Gasoline  Spill Demonstration  Report,  Lawrence  Livermore  National Laboratory, Livermore, CA,
UCRHD-116964,  Section 5, p. 169.

MacDonald, J. A., and M. C. Kavanaugh  (1994),  “Restoring  Contaminated  Groundwatez An Achievable
Goal? Environmental Science and Technology 28 (8), 36WM68A.

McGee, B.C.  W., F. Vermeukn,  S. Schute, and H. M. Buettner  (1994), “Mathematical  Solution of
Electromagnetic,  Conductive, and Convective  Transient  Heat Transfer for In Situ Decontamination
of Soil with Variable  Electrical  Propertk+”  (in preparation).

National Research Council (1994), Alternatives  for  Groundwater  Cleanup, National Academy Press,
washington, DC.d

Nelson-Lee, J. C. (1994),  “Sediment  Physical and Chemical Characterization,”  Dynamic Underground
Stripping Project: LLNL Gasoline Spill Demonstration  Report, Lawrence  Livermore  National
Laboratory,  Livermore, CA, UCRL-ID-116964,  Section  2, p. 47.

r Newmark, R L. (1992),  Dynamic Underground  Stripping  Demonstration  Project,  Interim  Engineering Report,
Lawrence Livermore National Laboratory, Livermore,  CA, UCRL-ID-11OO64.

Newmark, R L., ed. (1994a),  Dynamic Underground  Stripping  Project:  LLNL Gasoline Spill Demonstration
Report, Lawrence  Livermore  National Laboratory, Livermore,  CA, UCRL-ID-116964.

Newmark, R L. (1994b),  “Using Geophysical Ttiques to Control  In Situ Thermal Remediation,”
Dynamic Underground  Stripping  Project:  LLNL Gasoline  Spill Demonstration  Report,  Lawrence
Livermore  National  Laboratory,  Livermo~,  CA, UCRL-ID-116964,  Section  4, p. 3.

Newmark,  R L (1994c),  “Using  Geophysical  T&hniques  to Control  In Situ Thermal Remediationfl  Proc.
Symp. on Application ~ Geophysics  to Engineering  and Environmental  Problems,  Boston, MA, March
27-31,1994.

35



Nicholls, E. M., M. D. Dresen,  and J. E. Field (1988), Proposal  fm Pilot Study at LLNL Building 403 Gasoline
Station AreJz, Lawrence  Livermore  National Laboratory,  Livermore,  CA, UCAR-10248.

Rarnirez, A., W. D. Daily D. LaBreque, E. Owen, and D. Chesnut (1993), “Monitoring an Underground
Steam  Injection Process Using Electrical Resistance  Tomography”  Wafer  Resources  Research  29,
73-87.

Ramirez, A., J. Beatty, J. Carbine, W. Daily and R Newmark (1994), “Monitoring Thermal Treatment
Processes Using Electrical  Resistance Tomography”  Dynamic Wuierground  Stripping Pq”ect: LLNL
Gasoline Sp”ll Demonstration  Report, Lawrence Livermore  National  Laboratory,  Livermore, CA,
UCRLD116964,  Section 4, p. 69.

Siegel, W. H. (1994),  “Design,  Co&ruction, and Operation of Dynamic  Underground Stripping Facilities
at Lawrence Liverrnore National Laboratory,” Dynamic Underground St@ping  project:  LLNL Gasoline

.

Spill  Demonstration  Report, Lawrence  Livermore  National Laboratory, Livermore, CA, UCRL-ID-
116964, section 3, p. 3.

Sorenson, E., and W. H. Siegel  (1994),  “Treatment Facility Ffl Dynamic  Undqround  Strippz”ng  Project:
*

LLNL Gasoline Spill Demonstration Report,  Lawrence  Livermore  National Laboratory,  Livermore, CA,
UCRL-ID-116964, section  3, p. 123.

Sweeney.J.  J., M. H. Buettner, C. R Carrigan, C. S. Chamberlain,  A. B. Copeland, M. A. Hernandez, G. B.
Hudson, M. C. Jovanovieh, K C. I&auss, R. M. McNairy, W. H. Siegal,  and E. A. Sorenson (1994),
“Treatment  Facility F Accelerated Removal  and Validation Projecty  Dynamic Underground
Sti”@ng  Project: LLNL Gasoline Sp”ll Demonstration  Report, Lawrence Livermore  Natioml
Laboratory,  Livermom,  CA, UCRL-ID-116964,  Section 6, p. 3.

Thorpe, R K., W. F. Isherwood, M. D. Dresen,  and P. Webster+cholten,  eds. (1990),  CERCLA Remedial
Investigations Rqortjbr the LLNL Livermore  Site, Lawrence  Livermore  National Laboratory,
LiVt2111101Y2,  CA, UCAR-10299.

Udell, K. S. (1994a), “Heat and Mass Transfer  in Cleanup  of Toxic Waste: Advances in Heat Trans&
Research, C. L. Tkn, cd., Environmental and Engineering Geophysical Society, Englewood, CO,
pp. 195-211.

Udell, K. S. (1994b),  “Predictions  of Recovery of Gasoline from the LLNL Gasoline Spill Site with
Dynamic  Underground Strippingfl  Dynamic Underground  Stripping  Prqect: LLNL Gasoline Spill
‘Demonstration Report, Lawrence  Livermore  National Laboratory, Livermore,  CA, UCRL-ID-116964,
section 5, p. 45.

Udell, K. S. (1994c), “Thermally  Enhanced Removal  of Liquid Hydrocarbon  Contaminant tsfrom50ils
and Groundwater,”  Dynam”c Underground  Stri~”ng P~”ect: LLNL Gasoline Sp”ll Demonstration
Report, Lawrence  Livermore  National Laboratory, Livermore,  CA, UCRL-ID-116964, Section 5, p. 5.

Udell, K. S. (1994d), “Thermally  Enhanced Removal  of Non-Aqueous-Phase Liquid Contaminant ts from
Soils and GroundwaterY Subswjizce  Restoration,  C. H. Ward, ed. (in press).

Udell, K. S., and L. D. Stewart  (1989),  “Me&ankms of In Situ Remediation  of Soil and Groundwater
Contamination  by Combined Steam Injection and Vacuum Extraction,” Symp. on 77WWIIZ2 Treatment
qfRadioactive  and Hazardous Waste,  AIChE hnual Meetin& November 6, San Francisco, CA.

Udell, K. S. and L. D. Stewart  (1990), “Combined  Steam  Injection and Vacuum Extraction for Aquifer
Cleanup:  Conf of the International  Association  of Hydrogeologists,  April 18-20,  Calgary, Alberta, \
Canada.

Udell, K S., N. Sitar,  J. R Hunt, and L. D. Stewart  (1991),  Process  fw In Situ Decontamination of Subsu@ce
Soil and Groundwater, United States  Patent  5,018376. 1

Vaughn,  F! J., K S. Udell, and M. J. Wdt (1993), “The Effects of Steam Injection on the Electrical
Conductivity  of an Unconsolidated  *d ~~ated wi~ a $alt ~lution: JO GwkYsical RSSSUr~ 98
(M), 509-518.

36



@
Recycled
Recyclable


